Background {#Sec1}
==========

*Morganella morganii* is a facultative anaerobic Gram-negative enteric rod-shaped bacterium that used to belong to the *Enterobacteriaceae* family \[[@CR1]\]. Recently, *Morganella* was suggested to be a type genus of a novel *Morganellaceae* family that consists of the following eight genera: *Arsenophonus*, *Cosenzaea*, *Moellerella*, *Morganella*, *Photorhabdus*, *Proteus*, *Providencia*, and *Xenorhabdus* \[[@CR2]\]. *M. morganii* is reported as an opportunistic pathogen in humans and various other animal species \[[@CR3]\]. In reported human cases the disease spectrum associated with *M. morganii* infections is broad and the mortality following an infection remains high \[[@CR3]\]. In humans it has also been linked with animal bite wound infections, which underlines that *M. morganii* causes zoonotic infectious diseases \[[@CR3]\]. However, the bacterium is scarcely reported in poultry: in Nigeria and China, *M. morganii* was isolated from dead broilers and its pathogenicity confirmed by infecting day-old chicks \[[@CR4], [@CR5]\]. Furthermore, *M. morganii* was isolated from chicken carcasses in US retail raw meat \[[@CR6]\] and from a 13-day old broiler from a farm in Portugal \[[@CR7]\]. Several factors can affect the progression and severity of an infection with antibiotic resistance as a main factor in both human and veterinary medicine. The World Health Organization has recently published a global priority list of antibiotic-resistant bacteria; "Priority 1: CRITICAL" ranking include extended spectrum β-lactamase (ESBL) producing and carbapenemase producing *M. morganii* (WHO 2019). *M. morganii* has a natural resistance to beta-lactam antibiotics (e.g. ampicillins, amoxicillin, most of the 1st and 2nd generation cephalosporins) and colistin \[[@CR3]\]. In addition, the presence of pathogenicity determinants is essential to the success of *M. morganii* in any environment. Virulence genes cluster such as urease, flagellar and haemolysin were all found in *M. morganii* characterizing its potential as a pathogen and the ability to colonise different hosts \[[@CR7]--[@CR10]\]. In other *Enterobacteriaceae*, association between host and phylogenetic structure was observed in *E. coli* \[[@CR11]\] but not in *Salmonella enteritidis* \[[@CR12]\], neither in *Providencia* species \[[@CR13]\], while the situation for *M. morganii* is presently unknown. A total of 47 complete genome sequences from *M. morganii* strains are currently available from NCBI database mainly isolated from humans, but also one from a broiler, salamander, dolphin, plants and few where the host is unknown. To date, a detailed genome analysis has been carried out for only few of these strains (KT, F675, INSRALV892a, MM 1, MM 4, and MM 190) \[[@CR7]--[@CR10]\] and detailed phylogeny is lacking. These studies reported peculiar strain-specific innovations such as: i) acquisition of resistance genes from *Acinetobacter* spp. in the F675 strain \[[@CR9]\], ii) introduction of toxins (hlyA) through lateral transfer from phages in the MM1, MM4 and MM190 strains \[[@CR10]\], and iii) plasmid-mediated acquisition of quinolone resistance in the INSRALV892a strain \[[@CR7]\].

Here, we describe five poultry strains of *M. morganii* isolated for the first time from geese, a fattening turkey and a layer chicken parent flock. We characterized their resistance profile phenotypically and analyzed resistance genes, mobile elements and virulence genes through genome sequencing by Illumina NGS. By combining the genomic data of these poultry strains with all the available genomes we constructed a large-scale phylogeny of *M. morganii*, which we used to test the hypothesis of association between host and phylogeny and to highlight phenomena of lineage-specific divergence in virulence genes.

Results {#Sec2}
=======

Necropsy, bacteria isolation and identification {#Sec3}
-----------------------------------------------

General fibrinous serositis was observed in dead birds from flocks A and B. In case of flock C, fibronecrotic typhlitis was the main gross pathological lesion found, a similar observation as in the 13-day old broiler from Portugal \[[@CR7]\]. Omphalitis was diagnosed in turkey poults from flock D, while the chicken from a layer parent flock E did lack signs of bacterial infections but had a fracture of the leg. *Escherichia coli* was isolated from all cases investigated as reported by \[[@CR7]\] who detected the same bacterium with *M. morganii* in liver and spleen of a broiler. *Riemerella anatipestifer* was detected in some organ samples from birds of flock B and *Clostridium perfringens* was found in association with a fibronecrotic typhlitis. When investigating the *E. coli* isolates for antibiotic resistance by disc diffusion method, smaller colonies were observed within the inhibition zone of ampicillin, amoxicillin and colistin, pointing towards a co-infection of *E. coli* and *M. morganii*. MALDI-TOF MS identified all strains to be *M. morganii* species, of which the strain PA17/10312 was classified as subspecies *sibonii* and the other four strains as subspecies *morganii* with a log score value above 2.5 (Table [1](#Tab1){ref-type="table"}). On COS agar *M. morganii* could not be differentiated from *E. coli* or *Salmonella* spp., as both grow in round shape and appear as greyish smooth colonies. But on McConkey and Coliform agar, colonies were colourless and white (this could be due to the media), respectively, resembling those from *Salmonella* spp. Thus, morphological similarities to *E. coli* and *Salmonella* might have an impact on identification of *M. morganii* in routine diagnostics. Table 1Details on origin and identification results of *M. morganii* isolatesFlockStrain DesignationBird speciesAgeOrganBacterial isolatesAPA17/10312Goose5 weeksbrain*Morganella morganii* subsp. *sibonii, Escherichia coli*BPA18/15564Goose10 weeksheart*Morganella morganii* subsp. *morganii, Escherichia coli, Riemerella anatipestifer*CPA18/16407Goose40 weeksheart, liver, intestine, lung*Morganella morganii* subsp. *morganii, Escherichia coli, Clostridium perfringens*DPA18/25921Turkey1 dayheart*Morganella morganii* subsp. *morganii, Escherichia coli*EPA19/9695Layer parent stock32 weeksheart*Morganella morganii* subsp. *morganii, Escherichia coli*

Antibiotic susceptibility testing {#Sec4}
---------------------------------

All isolates were found to be multidrug resistant (resistance to more than three antimicrobial substances) by disc diffusion method with resistance patterns ranging from five to ten antibiotics (Table [2](#Tab2){ref-type="table"}). All were resistant to amoxicillin, ampicillin, and colistin, but also to tilmicosin and tylosin. The combination of trimethoprim/sulfamethoxazole was the only antibiotic to which all five strains were susceptible. Resistance to β-lactam antibiotics in *Morganella* species is usually mediated by the presence of chromosomally encoded β-lactamases belonging to the AmpC β-lactamase family \[[@CR14]\]. These β-lactamases are typically induced in the presence of β-lactam antibiotics. The strain PA17/10312 (flock A) was confirmed to be an AMP-C phenotype. In contrast to ESBLs, AmpC hydrolyses broad and extended-spectrum cephalosporins (cephamycins as well as to oxyimino-β-lactams) but are not inhibited by β-lactamase inhibitors such as clavulanic acid \[[@CR15]\]. The strains PA18/15564 (flock B) and PA18/25921 (flock D) were confirmed to be ESBL phenotype and possible productors of type D carbapenemases or impermeability/porin loss, whereas the strains PA18/16407 (flock C) and strain PA19/9695 (flock E) were ESBL negative. Table 2Antibiotic susceptibility testing by disc diffusion method -- R = Resistant, S = Susceptible, I = IntermediateAntibiotics (μg)PA17/10312PA18/15564PA18/16407PA18/25921PA19/9695Amoxicillin (10)RRRRRAmpicillin (10)RRRRRColistin (10)RRRRRDoxycycline (30)RIRRSEnrofloxacin (5)SIRRRNeomycin (30)IIISSOxalic Acid (2)SSSRRSpectinomycin (100)SSSRSTetracycline (30)IIRRSTilmicosin (15)RRRRRTrimethoprim/Sulfamethoxazole (25)SSSSSTylosin (150)RRRRR

Sequencing and annotation of five poultry strains {#Sec5}
-------------------------------------------------

The genome sequences of the five poultry strains displayed substantial variation in length and number of genes (Table [3](#Tab3){ref-type="table"}), with the PA17/10312 being longer and having more genes compared to the other strains. To evaluate whether these differences might be due to missing annotations, we computed genome completeness using the program CheckM \[[@CR17]\] for each assembly and obtained values of 100% for all five strains, implying that the observed variation in gene content cannot be attributed to uneven coverage of the assembled strains. Genome size and gene content were also comparable to the assemblies of other published strains \[[@CR7]--[@CR10]\]. Additionally, we observed variations in genome structure among the five strains (Fig. [1](#Fig1){ref-type="fig"}a): PA18/15564 and PA18/16407 showed high colinearity compared to the closest reference strain (Additional file [2](#MOESM2){ref-type="media"}: Supplementary Figure 1A), while PA17/10312 displayed more genomic rearrangements (Additional file [2](#MOESM2){ref-type="media"}: Supplementary Figure 1B). Finally, the genome of the five strains was aligned to the reference strain KT, for which the most comprehensive annotation is available \[[@CR8]\]. A multiple alignment in circular form is displayed in Fig. [1](#Fig1){ref-type="fig"}b and shows a high level of conservation among the five poultry strains, with few shared gaps, corresponding to the rRNA ribosomal gene clusters, which are notoriously difficult to assemble due to their repetitive nature. Table 3Genomic features of the five sequenced poultry strainsPA17/10312PA18/15564PA18/16407PA18/25921PA19/9695Number of contigs785947548667Total length (bp)4,085,8663,675,8793,702,1674,066,4323,988,823N50 (bp)244,109403,330989,625403,12649,931GC content50.2%51.2%51.2%51.0%51.6%Genes38403452349038123756Coding genes37843393343137183671Genome completeness100%100%100%100%100%Contamination score (%)^a^0.000.540.001.922.75Strain heterogeneity^b^0.000.000.0037.5050.00^a,b^ For a detailed description of these metrics, see the CheckM paper \[[@CR16]\]^b^ The strain heterogeneity (SH) index indicates the proportion of the contamination that appears to be from the same or similar strains and is a number between 0 and 100Fig. 1**a** Multiple genome alignment of the five sequenced poultry strains and the KT reference strain **b** Circular genomic map constructed using BRIG displaying a multiple genome alignment of the five poultry strains and the KT reference strain

Phylogenetic analysis {#Sec6}
---------------------

To test the hypothesis of a phylogenetic clustering based on the host in *M. morganii*, a phylogenetic tree was constructed including the five sequenced poultry isolates together with all available complete genomes from NCBI, encompassing a total of 52 strains. The genome-based k-mer tree displayed two distinct subtrees (M1 and M2), with no apparent clustering according to the host they were isolated from (Fig. [2](#Fig2){ref-type="fig"}). The resulting tree places the strains PA18/16407, PA18/15564, PA19/9695, PA18/25921 in cluster M1 and the PA17/10312 strain in cluster M2. Historically, *M. morganii* has been divided into two subspecies: *morganii* and *sibonii*, based on the ability to ferment trehalose and other biochemical features \[[@CR18]\]. Thus, we hypothesized that clusters M1 and M2 simply reflect the known subspecies classification. To test this idea, the presence of the trehalose operon (*treR*, *treB* and *treP*) in all the strains was investigated. By this approach, the subspecies *sibonii* was assigned to the strains in which the trehalose operon was present. Comparing this classification to the observed phylogenetic clustering, we found that the sibonii strains were entirely allocated in cluster M2, except the H1R strain (Fig. [2](#Fig2){ref-type="fig"}), confirming that differentiation of subspecies can be mostly performed based on phylogenetic grouping. These results are consistent with the subspecies assignment achieved by MALDI-TOF MS (Table [1](#Tab1){ref-type="table"}). To validate the accuracy of the k-mer tree reconstruction, an additional tree was built using a whole-genome based approach using the program parsnp (Additional file [3](#MOESM3){ref-type="media"}: Supplementary Figure 2A). Comparison of both trees showed high similarity in topology with only minor differences: i) the NCTC12358 and TW17014 strains of cluster M2 are swapped in the whole-genome based tree compared to the k-mer tree; ii) the 640_MMOR strain is grouped together with NCTC12286 and 8066 in the whole-genome based tree, while in the k-mer tree constitutes a separate cluster. Since recombination can sometimes distort branch lengths in bacterial whole-genome based phylogenies (i.e. \[[@CR19]\]), we performed another tree reconstruction by filtering SNPs located in putative regions of recombination (parsnp parameter -x YES) (Additional file [3](#MOESM3){ref-type="media"}: Supplementary Figure 2B). However, we did not find significant differences in branch length compared to the uncorrected tree (Mann-Whitney test -- *P* = 0.9914). As the differences between the whole-genome based trees and the k-mer tree do not affect the conclusions derived from following analyses, the k-mer tree was used as a guide for the remainder of the analyses. Fig. 2K-mer tree including the five sequenced poultry strains and 47 complete genomes from NCBI, using *Providencia stuartii* as an outgroup

Detection of resistance genes {#Sec7}
-----------------------------

The sequences of all five poultry strains contained genes for resistance to aminocoumarins, beta-lactams, elfamycins, fluoroquinolones, rifampin and tetracycline. Resistance to phenicol was present in all the sequenced poultry strains, except in the chicken strain PA19/9695. Based on BLAST searches against the MEGARes database, the investigation of presence/absence of resistance genes in all 52 strains from Fig. [2](#Fig2){ref-type="fig"} revealed that resistance to certain antibiotics is widespread in *Morganella*. This includes aminocoumarins, beta-lactams, elfamycins, fluoroquinolones, phenicol, rifampin and tetracyclines (Fig. [3](#Fig3){ref-type="fig"}). Other types of resistance show a more uneven distribution along the tree, with multiple cases of strain-specific gains, like resistance to glycopeptides, which is present in 5/52 strains with no apparent phylogenetic clustering. This suggests that these genes could have originated by horizontal gene transfer. Additionally, we looked at resistance genes that were absent in the MEGARes database, but that were previously reported for other strains of *M. morganii*, such as genes involved in lipid A biosynthesis (*lpxA*, *lpxB*, *lpxC*, *lpxD*, *lpxH*, *lpxK*, *lpxL*, *lpxM, lpxP* and *lpxT*), which are responsible for colistin resistance \[[@CR9]\]. Such analyses detected *lpxABCDHKLMPT* in both geese strains, *lpxABCDHKLMT* in the chicken strain PA19/9695, *lpxABCDHKLMT* in the turkey strain PA18/25921 and *lpxABCDHLMT* in the goose strain PA17/10312. An additional copy of the *lpxP* gene was found in PA18/25921 and PA17/10312. Also, the *tetB* gene responsible for tetracycline resistance was found in all five poultry strains. No association was detected between resistance genes of a certain class and a specific phylogenetic cluster. These results are concordant with the phenotypic tests of antibiotic resistance (Table [2](#Tab2){ref-type="table"}). Fig. 3Phylogenetic distribution of resistance genes in the 52 analyzed *M. morganii* strains ordered according to the position in the tree from Fig. [2](#Fig2){ref-type="fig"}. The five sequenced poultry strains are highlighted in yellow. Every cell contains the number of gene copies involved in a certain type of resistance for each strain. Cells are coloured using conditional formatting to facilitate readability

Detection of known virulence genes {#Sec8}
----------------------------------

In an initial approach, the sequences from the poultry strains were screened for known virulence genes based on the comparison with the KT strain, for which an exhaustive list of virulence genes is available. However, the gene-id based detection of genes from the KT strain was unfeasible due to incongruences between gene-ids from the KT strain and the ones deposited in the NCBI gene database, thus the 4-letter gene name was used to retrieve the genes of interest, resulting in a partial set of 125 genes for this analysis. Most of the known virulence genes present in this set were found in the sequences of the five poultry strains (Fig. [4](#Fig4){ref-type="fig"}). This not only indicates that virulence genes are very conserved, but also suggests that the annotations of the five poultry strains is highly complete. As this gene set did not include all known virulence genes, we additionally looked for the presence of specific classes of virulence genes of importance. Hemolysins are essential for pore-formation during invasion of host cells \[[@CR20]\] and encoded by the *hlyCABD* operon. This operon was present and intact only in the chicken strain PA18/25921, while absent in PA18/16407, PA18/15564 and PA19/9695. In the sibonii strain PA17/10312, only *hlyC* and *hlyD* were present and distributed on different contigs. Ureases are also typically organized into the *ureABCFGD* operon and contribute to formation of urinary stones \[[@CR21]\]. This operon was present and intact in all five strains. Finally, the capsule synthesis regulation genes *rcsB*, *rcsC*, *rcsD* and *rcsF* involved in host immune response \[[@CR22]\] were also detected in all five strains, with an additional copy of *rcsB* in PA18/25921. Interestingly, virulence genes in the category "toxins" displayed high variation in copy numbers among the five strains (Fig. [4](#Fig4){ref-type="fig"}). Manual scanning of the alignments also showed substantial variation in coding sequences exemplarily shown for the RtxA toxin in Additional file [4](#MOESM4){ref-type="media"}: Supplementary Figure 3. For these reasons, a positive selection scan using PAML (see Materials and methods) was performed based on the hypothesis that toxins might evolve under positive selection in *M. morganii*. For this analysis, only toxins present in all five strains were selected (Fig. [4](#Fig4){ref-type="fig"}) and it was found that four out of nine toxins (*tcaC*/*tcdB2*, *xptA1*, *xptB1*, *xptC1*) showed signs of positive selection using branch models by selecting either cluster M1 or M2 as the target branch (Table [4](#Tab4){ref-type="table"}). Notably, the insecticidal proteins *XptA1B1C1* had the strongest signal of positive selection. Fig. 4Comparison of known virulence genes in the five sequenced poultry strains using the KT strain as referenceTable 4List of toxins and associated *p*-values for the positive-selection test using cluster M2 or M1 as target branch. Significant genes are highlighted in greyToxin***P***-value M2***P***-value M1RtxA1.00001.0000XaxA0.99800.6633XaxB0.95461.0000HlyD-family1.00001.0000tcaC / tcdB20.02000.0200tccB31.00001.0000XptA10.00030.0006XptB10.00100.0010XptC10.00360.0009

Detection of novel virulence genes {#Sec9}
----------------------------------

To get an overview of the variation in individual virulence genes across the strains, the number of virulence genes of different functional categories in each strain was plotted and sorted according to the phylogenetic position on the tree (Fig. [5](#Fig5){ref-type="fig"}). An increase in number of genes in strains of cluster M2 compared to the cluster M1 in the virulence categories adhesion, secretion system and hypothetical was observed (Fig. [5](#Fig5){ref-type="fig"}). As the strain PA17/10312 is also located in cluster M2, these results might explain the higher number of genes in the PA17/10312 strain compared to the other strains. Novel virulence genes were defined as those specific to cluster M2: a total of 39 novel virulence genes were found in this way (Table [5](#Tab5){ref-type="table"}). To validate specificity to cluster M2, these genes were BLASTed to two outgroup species: *Providencia stuartti* and *Proteus mirabilis*, and only genes with no hits to both species were retained. This resulted in a final set of 26 novel virulence genes. Regarding phylogenetic distribution, 10/26 genes were shared by all strains in cluster M2, consistent with ancestral gain in cluster M2 and 12/26 genes were specific to a single strain, likely due to strain-specific horizontal gene transfer events. To find evidence for horizontal gene transfer the novel virulence genes were BLASTed against the whole bacterial protein database. Then, using the program Alienness \[[@CR23]\], evidence for horizontal gene transfer (HGT) was detected in 6/26 (23%) of the novel virulence genes (*afaB, escU, escV, SG1030, stx2A, ycbV*), having an Alien Index (AI) \> 30 (Additional file [5](#MOESM5){ref-type="media"}: Supplementary Table 2). These genes were assigned to the different donors of the class *Morganellaceae* (Additional file [5](#MOESM5){ref-type="media"}: Supplementary Table 2). Fig. 5Phylogenetic distribution of virulence genes of different virulence categories as defined from the VFDB -- each graph shows the number of genes per strain for every virulence category. Axes labels are shown in the top-left graph only -- strains are sorted according to the phylogenetic position on the tree in Fig. [2](#Fig2){ref-type="fig"}. The position of the five avian strains in each graph is highlighted by vertical dashed lines of different colours. Graphs showing variation between clusters M1 and M2 are highlighted by a pink backgroundTable 5List of novel virulence genes specific to the M2 clusterCategoryGenesAdherence*afaAB, eae, fdeC, pagN, papADF, pixACH, sfaG, sfpAC, stiC, stkB, ycbV*Secretion system*aatA,* EC55989_3333*,* ECP_0235*,* ECVR50_0257*, escNSTUV, espD,* LF82_024*, mxiH,* O3M_04340*, pipB, prgI, sipB*HypotheticalSG1030Toxins*clbN, stx2A, stxA*Iron uptake*fyuA*OthersSTM0570

Prediction of pathogenic potential for humans {#Sec10}
---------------------------------------------

Using PathogenFinder 1.1 \[[@CR24]\] the pathogenic potential of the five poultry strains for humans was estimated. The approach used by this tool is based on the presence of group of genes that are frequently associated with human pathogenic bacteria. Results showed that the PA17/10312 was predicted to be pathogenic in humans (Probability = 0.64), while the four other strains were classified as non-pathogenic in humans (Probability = 0.57 for PA18/15564, 0.52 for PA18/16407, 0.57 for PA18/25921 and 0.54 for PA19/9695). These results are consistent with the higher number of virulence factors found in PA17/10312 compared to the other strains. It remains to be determined in an animal trial whether these findings also reflect the host-specific pathogenicity.

Annotation of mobile elements {#Sec11}
-----------------------------

Mobile elements such as plasmids, prophages and integrons are often responsible for transfer of resistance genes in bacteria \[[@CR25], [@CR26]\]. No evidence for plasmids was found in any of the five poultry strains using two independent approaches (see Materials and methods). As plasmid information is only available for some of the published strains (i.e. \[[@CR7], [@CR8], [@CR27]--[@CR29]\]), we screened all the strains of Fig. [2](#Fig2){ref-type="fig"} using PlasmidFinder \[[@CR16]\] for the presence of plasmids and results are shown in Fig. [2](#Fig2){ref-type="fig"} (Metadata layer 3). A total of four active prophages were detected in PA17/10312, three in PA18/15564, two in PA18/16407, five in PA18/25921 and one in PA19/9695 (Additional file [6](#MOESM6){ref-type="media"}: Supplementary Table 3), none of them showing association with resistance genes. Two integrons were found in the PA19/9695 strain and one integron was found in the PA17/10312 strain, also not associated with resistance genes. Pathogenicity islands are another class of mobile elements, which are linked with virulence genes in a large number of bacteria \[[@CR30]\]. A total of 18 pathogenicity islands were detected in PA17/10312, 16 in PA18/15564, 21 in PA18/16407, 22 in PA18/25921 and 23 in PA19/9695 (Additional file [7](#MOESM7){ref-type="media"}: Supplementary Table 4, Additional file [8](#MOESM8){ref-type="media"}: Supplementary Figure 4), associated, respectively, with 25, 9, 23, 16 and 24 virulence genes. The most abundant virulence categories associated with these genes were: "adherence" for 20/25 genes in PA17/10312, "adherence" for 5/9 genes in PA18/15564 and "iron uptake" for 11/23 genes in PA18/16407, "toxins" for 5/16 genes in PA18/25921 and "adherence" for 11/24 in PA19/9695. A striking feature of pathogenicity islands is that they are located in regions of low genomic conservation, (Additional file [8](#MOESM8){ref-type="media"} -- Supplementary Figure 4), suggesting that they were acquired by phenomena of lateral gene transfer.

Identification of strain-specific metabolic pathways {#Sec12}
----------------------------------------------------

To study metabolic pathways, the proteomes of the five poultry strains were submitted to BlastKOALA \[[@CR31]\], which provides a global overview of metabolic pathways displayed as a metabolic network. This program also allows an easy comparison of metabolic networks among different organisms or strains. All metabolic pathways were entirely conserved among the five poultry strains. In addition, two novel pathways specific to the PA17/10312 strain were discovered (Additional file [9](#MOESM9){ref-type="media"}: Supplementary Figure 5): sucrose catabolism and biosynthesis of betaine from choline. Betaine is an osmoprotectant that allows organisms to grow in high-osmolarity environments \[[@CR32]\]. Some bacteria can synthesize betaine de novo from intermediates of central metabolism whereas others can synthesize it only from exogenously supplied choline \[[@CR33]\]. Screening all the 52 *M. morganii* strains included in Fig. [2](#Fig2){ref-type="fig"} revealed that only the FAM24091 strain (isolated from Switzerland cheese), which is the closest strain to PA17/10312, possess genes for betaine biosynthesis (BetA and BetB). No evidence for horizontal gene transfer was found, based on the absence of proteins from closely related species which would cluster together with BetA and BetB from PA17/10312 based upon BLAST analyses. Whether the determined pathways are beneficial for the bacteria in vitro and in vivo remains speculative for the moment and needs to be determined in additional studies.

Discussion {#Sec13}
==========

In the last years, many studies isolated and sequenced *Morganella morganii* strains from human \[[@CR8]--[@CR10], [@CR27]--[@CR29]\] while the genomic characterization for other species is scarce and include a strain from chicken \[[@CR7]\], cattle \[[@CR34]\], together with strains from various hosts that were deposited in NCBI but not described in details (see Fig. [2](#Fig2){ref-type="fig"}). Here, we expanded the collection of avian *M. morganii* by sequencing five novel strains from goose, turkey and chicken. Understanding the relationship between host and phylogeny is useful to study population structure and uncover the origin and evolution of novel strains, in order to understand the emergence of potential outbreaks. Overall, the phylogenetic analysis showed no association between host and a particular phylogenetic cluster, consistent with previous studies also reporting lack of association with host in *M. morganii* \[[@CR27], [@CR34]\]. This characterizes *M. morganii* as a species with no specific population structure. Regarding the subspecies classification, we found that four of the avian strains (PA18/15564, PA18/16407, PA18/25921 and PA19/9695) were assigned as subsp. *morganii*, while the strain PA17/10312 was assigned to subsp. *sibonii* based on phylogenetic clustering. When looking at the tree including all the available strains, we found that one strain (H1r) classified as *sibonii* based on the presence of the trehalose genes was assigned to cluster M1, implying that the characterization of subspecies in *M. morganii* purely based on the presence of the trehalose fermentation genes or the phylogenetic clustering pattern alone can sometimes be imprecise. Antibiotic resistance is another important feature of clinical relevance, in this regard it was previously shown that another avian *M. morganii* strain was multidrug resistant \[[@CR7]\], raising concerns for the control of infections in poultry production. In this study, we found that all five strains were resistant to aminocoumarins, beta-lactams, elfamycins, fluoroquinolones, rifampin and tetracycline. Importantly, these classes of resistance were also widespread in all sequenced strains from Fig. [2](#Fig2){ref-type="fig"}. The antibiotic resistance results are in agreement with earlier data describing ESBL producers as multiple drug resistant \[[@CR35]\], also the classes of resistance determined computationally were consistent with a previously compiled review of resistance genes \[[@CR3]\]. Additionally, the genomic characterization allowed us to compare presence of specific virulence genes associated with certain strains or phylogenetic clusters. Within the essential virulence genes, ureases and capsule synthesis regulation genes were very conserved in all five strains, while haemolysins showed more variability. Variation in hemolysin composition was also observed in three recently sequenced human strains \[[@CR10]\]. A general pattern emerged by looking at the distribution of virulence genes among all sequenced strains, namely we observed that strains of the subspecies sibonii had on average more virulence genes compared to the subspecies morganii and were particularly enriched in virulence genes involved in secretion and adhesion. These results were also corroborated by the prediction that *sibonii* strains were found to be potentially pathogenic for human. Through comparative genomics analysis, we pinpointed 26 virulence genes as specific to the subspecies *sibonii* and showed that some of them might have originated by horizontal gene transfer from closely related Morganellaceae species. Among these genes, *afaAB* \[[@CR36]\], *pixC* \[[@CR37]\], *sfaG* and *fyuA* \[[@CR38]\] are known to be associated with adhesion and colonization of urinary tract in *E. coli*, while the intimin *fdeC* \[[@CR39]\], the Shiga toxins *stx2A*/*stxA* \[[@CR40]\], *escN* \[[@CR41]\], *espD* \[[@CR42]\] are connected with enteropathogenic strains of *E. coli*. This suggests that some *M. morganii sibonii* strains might have acquired the ability to invade the enteric tract. Another important classes of virulence genes are toxins, for which we showed evidence for positive selection, especially high in the insecticidal toxins *XptA1B1C1.* While the precise function of these toxins in *M. morganii* is unknown, it was shown in *Xenorhabdus spp*. and *Photorhabdus luminescens* that they facilitate the killing of the insect host via nematodes living in symbiosis with these bacteria \[[@CR43]\]. Thus, positive selection in insecticidal toxins might reflect an evolutionary arms race among species.

Conclusion {#Sec14}
==========

In the actual study, five highly resistant *Morganella morganii* strains from diseased poultry flocks were isolated in association with *E. coli*. The strains were identified by MALDI-TOF MS down to subspecies level. Micronaut characterization revealed two strains to be ESBL and one strain to be AMP-C phenotypes. To gather more detailed information about their association with the host, resistance profile, virulence and zoonotic potential, the genomes of the five strains were sequenced and compared with all available complete *M. morganii* genomes. The phylogenetic structure of *M. morganii* separates all strains into two main phylogenetic clusters (M1 and M2) that approximately reflect the subdivision of the *Morganella* clade into the known subspecies *morganii* and *sibonii*, with no association between phylogenetic structure and host. Additionally, we showed that cluster M2 diverged through acquisition of novel virulence genes involved in adherence and secretion and that some of these genes might have originated by horizontal gene transfer from closely related *Morganellaceae* species. Furthermore, high sequence divergence in toxins was detected and evidence for positive selection for some of these genes was provided. Finally, we reported detailed resistance profiles for all so far sequenced *M. morganii* strains complementing the phenotypic resistance profile of the five poultry strains. Altogether, this study represents the first large-scale comparative study in *M. morganii* and represents a useful resource to aid future clinical management of infections and for advancing the field of comparative genomics of *Morganella*. Performing experimental studies will be crucial to further clarify the nature of *M. morganii* as an avian pathogen and its zoonotic potential.

Methods {#Sec15}
=======

Necropsy, bacteria isolation and identification {#Sec16}
-----------------------------------------------

During routine diagnostics the Clinic of Poultry and Fish Medicine (Vetmeduni Vienna, Austria) obtained carcasses from three geese flocks (A-C), one-day old turkey (D) and one-layer chicken parent (E) flocks (Table [1](#Tab1){ref-type="table"}) for necropsy and bacteriological investigation. Necropsy and bacteriology were performed in the diagnostic unit of the clinic accredited according to EN ISO/IEC 17025 applying standard operating procedures. For bacteriological investigation, direct smears were taken aseptically from heart, liver, intestine, brain, spleen and lungs. Samples from each organ were cultivated on Columbia (COS) agar containing 5% sheep blood (BioMerieux, Vienna, Austria), McConkey agar (Bertoni, Vienna, Austria), Chromocult Coliform agar (Merck, Vienna, Austria) and subsequently incubated aerobically at 37 °C for 24 h. Additionally, intestinal samples were cultivated on Schaedler (SCS) agar containing 5% sheep blood (BioMerieux, Vienna, Austria) for anaerobic growth (Genbox anaer BioMerieux) incubated at 37 °C for 24 h as well as for fungal growth on Sabouraud Gentamicin Chloramphenicol (SGC2) agar (BioMerieux, Vienna, Austria) incubated at 42 °C for 48 h. All bacterial isolates were identified by Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS) (Microflex LT instrument, Bruker Daltonic) against the reference library from Bruker Daltonic version 4.1.80 according to the manufacturer's instructions, with sample preparation performed as previously described \[[@CR44]\].

Antibiotic susceptibility testing {#Sec17}
---------------------------------

Antibiotic susceptibility testing was performed by disc diffusion method according to the EUCAST guidelines (\[[@CR45]\], EUCAST disc diffusion method, version 6.0, 2019. <http://www.eucast.org/clinical_breakpoints/>). Phenotypic detection of ESBL type A β-lactamases, AmpC type C cephalosporinases, KPC type A carbapenamases and MBL metallo-β-lactamases was performed by broth microdilution method using the commercially available MICRONAUT-S ß-Lactamases plateE1--111-040 (MERLIN Diagnostika GmbH, Bornheim-Hersel, Germany). The antimicrobial substances and their concentration are given in Additional file [1](#MOESM1){ref-type="media"}: Supplementary Table 1. The analysis was done according the manufacturer's instructions. Results were evaluated with the MCN6 Software Version 6.00 Release 71 (MERLIN Diagnostika GmbH, Bornheim-Hersel, Germany).

Genome sequencing and annotation {#Sec18}
--------------------------------

DNA was extracted using QIAamp DNA Mini Kit following the manufacturer's guidelines (Qiagen, Hilden, Germany). The five samples were sent to the Vienna BioCenter Core Facility, where they were sequenced on an Illumina NextSeq machine using a paired-end PCR-free library (150 bp read length). Resulting reads were assembled into contigs using CLC Genomics Workbench 12.0 (<https://www.qiagenbioinformatics.com/>) by the De Novo Assembly workflow (default parameters) and annotated using PROKKA 1.13 \[[@CR46]\]. Plasmids were detected using PlasmidFinder 2.0 \[[@CR16]\] and by BLAST searches against a local version of the *Enterobacteriaceae* plasmid database \[[@CR47]\]. Prophages were annotated using the recent tool Prophage Hunter \[[@CR48]\], which is also able to differentiate active from inactive prophages. Only active prophages were selected into the final annotation. Integrons were annotated by IntegronFinder 1.5.1 \[[@CR49]\]. Pathogenicity islands were identified by IslandViewer 4 \[[@CR50]\] using the *M. morganii* KT strain \[[@CR8]\] as a reference.

Phylogenetic trees construction {#Sec19}
-------------------------------

For tree construction, the five sequenced assemblies were employed together with all 47 complete *M. morganii* genomes downloaded from NCBI (see Additional file [10](#MOESM10){ref-type="media"} -- Supplementary Table 5 for a list of GenBank accession IDs) encompassing a total of 52 strains. For each strain, the genome sequence was concatenated to form a single artificial sequence, including plasmids and unscaffolded sequences. A k-mer phylogenetic tree was constructed using CLC Microbial Genomics 12.0 by the Create K-mer Tree workflow (default parameters). Additional phylogenetic trees were constructed based on multiple genome alignment of all the strains with the program parsnp \[[@CR51]\], using the KT strain \[[@CR8]\] as a reference.

Identification of resistance genes {#Sec20}
----------------------------------

The protein sequences of each strain were BLASTed (blastp -evalue 1e-05) to a local version of the MEGARes database \[[@CR52]\], which contains more than 4000 hand-curated antimicrobial resistance genes. Hits with a query coverage \> 40% were kept for further analyses. Additional screening for resistance genes that were absent in the MEGARes database (*lpx* genes, *tetB*) was performed using the same BLAST-based approach.

Identification of virulence genes {#Sec21}
---------------------------------

The protein sequences of virulence genes for the *M. morganii* KT strain \[[@CR8]\] (GenBank ID GCA_000286435.2) were retrieved using the 4-letter gene-id from the NCBI Protein database and BLASTed (blastp -evalue 1e-05) to the proteomes of the five sequenced poultry strains. Hits with a query coverage \> 40% were kept and processed. Additional virulence genes were identified by BLASTing the protein sequences of the five strains to a local version of the VFDB (Virulence Factor DataBase) using stringent criteria (blastp -evalue 1e-10, query coverage \> 40%), in order to get a conservative set of virulence genes. Novel genes were detected in the following way: the proteomes of the 52 strains of *M. morganii* from Fig. [2](#Fig2){ref-type="fig"}, together with the representative NCBI strain of *P. stuartii* and *P. mirabilis* (as outgroups) were BLASTed to the VFDB with stringent criteria (blastp -evalue 1e-10, query coverage \> 40%) and a table was generated containing the phyletic patterns of each virulence gene in every strain. Novel genes were then defined as genes-specific to cluster M2 (see Fig. [2](#Fig2){ref-type="fig"}). Annotation of functional classes for virulence genes was based on the intra-genera VFs comparison tables from VFDB (<http://www.mgc.ac.cn/VFs/Down/Comparative_tables_from_VFDB.tar.gz>). Gene families were computed by clustering the protein sequences of each strain using the sequence clustering program MMseqs2 \[[@CR53]\] with a minimum 80% similarity threshold.

Positive-selection scans {#Sec22}
------------------------

Coding sequences for orthologous groups of genes of interest were aligned using PRANK \[[@CR54]\]. Positive selection scans were performed with the codeml module from PAML \[[@CR55]\] by comparing a model with a fixed ω for the whole tree (model = 2, NSsites = 2, fix_omega = 1) with a model allowing positive selection in the M2 cluster (Fig. [2](#Fig2){ref-type="fig"}) (model = 2, NSsites =2, fix_omega = 0) or in the M1 cluster (model = 2, NSsites =2, fix_omega = 0). *P*-values were calculated by standard log-likelihood ratio tests.

Identification of strain-specific metabolic pathways {#Sec23}
----------------------------------------------------

Protein sequences were submitted to BlastKOALA \[[@CR31]\] to reconstruct the metabolic network of each strain. The metabolic networks of the different strains were compared through the KEGG Pathway interface from the KEGG database \[[@CR56]\] in order to discover strain-specific pathways.
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**Additional file 1: Table S1.** MICRONAUT antimicrobial substances and concentrations.**Additional file 2: Figure S1.** Genomic alignment computed with MAUVE between two of the sequenced poultry strains and the closest strain on the tree shown in Fig. [2](#Fig2){ref-type="fig"}: **(A)** PA18/15564 aligned to the DG56--16 strain, **(B)** PA17/10312 aligned to the INSRALV892 strain.**Additional file 3: Figure S2. A)** Tree of the 52 *M. morganii* strains analyzed in this study derived by alignment of the core genome using the program *parsnp*. The KT strain was used as a reference for the multiple genome alignment. **B)** The same tree but corrected for recombination. The red arrows indicate the cluster that shows differences between the two trees.**Additional file 4: Figure S3.** Multiple alignment of an internal region of the RtxA toxin in the five poultry strains showing high sequence divergence.**Additional file 5: Table S2.** List of candidate genes in the PA17/10312 strain with evidence for horizontal gene transfer from closely-related *Morganellaceae* species.**Additional file 6: Table S3.** Annotation of active prophages in the five sequenced poultry strains.**Additional file 7: Table S4.** Annotation of pathogenicity islands in the five sequenced poultry strains. Predicted genomic islands are coloured within the images based on the legend (generated through the web interface of IslandViewer 4 \[[@CR50]\]). The internal line plot shows the similarity to the KT strain, taken as a reference.**Additional file 8: Figure S4.** Genomic visualization of pathogenicity islands in the five sequenced poultry strains, performed in this study.**Additional file 9: Figure S5.** Metabolic network of *M. morganii* strain PA17/10312 (computed through the web interface of BlastKOALA \[[@CR31]\] in this study) showing two novel pathways specific to this strain: **(A)** Sucrose catabolism, sucrose = \> glucose, **(B)** Betaine biosynthesis, betaine = \> choline.**Additional file 10: Table S5.** List of *M. morganii* strains used for the phylogenetic analysis with their respective NCBI accession IDs.

AI

:   Alien Index

AmpC

:   AmpC beta-lactamases

BLAST

:   The Basic Local Alignment Search Tool

COS

:   Columbia agar

ESBL

:   Extended-spectrum beta-lactamases

EUCAST

:   The European Committee on Antimicrobial Susceptibility Testing

HGT

:   Horizontal Gene Transfer

MALDI-TOF MS

:   Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry

NGS

:   Next Generation Sequencing

SCS

:   Schaedler agar

SGC2

:   Sabouraud Gentamicin Chloramphenicol agar

SNPs

:   Single nucleotide polymorphisms
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